A B S T R A C T A cylindrical treatment of the configuration of small molecules in solution has been proposed. Cylindrical dimensions were obtained from Fisher-Hirschfelder molecular models, and these dimensions were used in an analysis of three sets of reflection coefficient values from the literature. The correlation between solute dimensions and the reflection coefficient was subjected to both statistical analyses and graphical examination, with particular emphasis given to parameter interdependence. The results consistently indicated a significant relation between the reflection coefficient and solute diameter. The dependence on diameter suggests a lengthwise orientation of solute within the membrane. Furthermore it is shown that this orientation is occurring within the aqueous region of the membrane, and thus this region has a structural characteristic which is responsible for the lengthwise orientation of solute.
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T H E O R Y
The concept of the aqueous pore has been quite useful for explaining the passive transport of hydrophilic solutes across cellular membranes. Nonetheless though the functional characteristics of the plasma membrane have been extensively examined, the structure-function correlation is still not clear. The structural and hydrodynamic properties of the aqueous pore await further delineation.
Several avenues of approach have been used for investigating the aqueous pore. The simultaneous application of diffusion and hydrodynamic relationships in determining pore size was developed by Pappenheimer, Renkin, and Borrero (8) and Koefoed-Johnsen and Ussing (5) . Paganelli and Solomon (7) applied this approach to the red cell membrane. Durbin, Frank, and Solomon (2) demonstrated the dependence of the reflection coefficient on pore size. Goldstein and Solomon (3) applied the Renkin equation (10) to correlate solute size and the reflection coefficient, thus arriving at an additional estimate of the equivalent pore radius. Passow (9) used the diffusion of a graded series of probing molecules to investigate pore size. These several approaches have depended upon either theoretical considerations or upon the correlation between some measure of solute-membrane interaction and a molecular dimension parameter. The indices describing molecular size have been the radius of a sphere of equal volume and equal density to the solute (I0), the Stokes-Einstein radius (10) , molecular length (9), partial molar volume (9) , and the mean radius (3) . Each of these dimensional parameters is significant to some degree, yet none of them reflects or suggests any specific physical model for solute-pore interaction. A physical model has been avoided because of the supposition that small molecules (acetamide, propionamide, etc.) exhibit no significant shape characteristics; molecular motion and bond rotation were considered to obviate the benefit gained by dealing with these molecules as other than amorphous spheres. The object of this paper is to question this supposition and to suggest a more specific model for solutepore interaction.
As a first order approximation, it is suggested that small molecules in solution can be treated as cylindrical, with an average length, h, and an average m a x i m u m diameter, d. The present study is concerned with the correlations between the reflection coefficient and these individual molecular dimensions. Staverman (12) studied the relationship between the osmotic pressure across a leaky membrane and the concentration difference of the permeating solute. The reflection coefficient, Gr, is the proportionality constant between the theoretical osmotic pressure as calculated by the van't Hoff equation (~rth = R TAc) and the observed osmotic pressure. ~robs= c r R T~c = ¢r~rta in which Ac is the concentration difference of the solute across the membrane. With a perfect semipermeable membrane (i.e. permeable to solvent and not solute) the observed osmotic pressure is the theoretical value; ~ is one. When the membrane is unable to discriminate between solvent and solute, no osmotic pressure gradient is established and ¢ is zero. Intermediate values of ¢ are an index of the ability of a leaky membrane to discriminate between solute and solvent.
The hypothesis upon which the present study has been based proposes that the cylindrical dimensions of the solute are of primary importance in determining ¢ for a series of hydrophilic nonelectrolytes. Both statistical analyses and graphical examination have been employed. T h e statistical approach depends on fitting an appropriate equation for ~r as a function of a molecular size parameter. Goldstein and Solomon (3) offer such a relationship but in a form that is difficult to work with. in which a is the permeating solute radius, r is the pore radius, and a~ the solvent radius. A more convenient relationship to work with is the log-log dependence of a on d or h. In order to show that this procedure provided results consistent with the use of equation 1, a series of solute radii in the appropriate range were chosen; and equation 1 was then used to predict a corresponding set of 1 -~ values for several arbitrarily chosen pore radii. Each log (1 -a) in a set was then plotted against the appropriate log a; the dependence was linear, with the slope of the line a function of the pore radius.
The statistical treatment involves fitting equation 2 to the data.
log (1 -~)~ --B1 + B2 log M Jr E~ (2) ),~ is the dimensional parameter (either d or h) corresponding to the measured (1 -cr)~. E~ is the error for the i th solute; 131 and/3~ are constants. A multiple regression technique is applied to evaluate the constants /31 and/3s so that the sum of the squared residual error (~ E~] is minimized. This s u m / of the squared error (~ E~) then provides a means of testing the significance of the dimensional parameter. ~ E~ is compared with ~ E'~, the latter value being for the equation in which 1 -a is correlated to a single constant.
log (1 --cr)i = O~ Jr E'~ (3)
The difference Y'~ E~-~ E~ is the error reduction resulting from the introduction of the ~ log X~ term into equation 3. The F test is a convenient means of standardizing this comparison, for the error reduction resulting from the introduction of a parameter is corrected for the degrees of freedom (n -k) and the magnitude of the original error ( Y] E'~).
Prior to an examination of the correlation of the dimensional parameters with the reflection coefficient, Fisher-Hirschfelder models of the solutes were built. Difficulty was encountered in determining the average configurations and complications arose from steric hindrance and functional group interaction. An attempt was made to take account of these factors. Table I gives the dimensions obtained for what appeared to be the average configuration. Since this process undoubtedly involves subjective error, it was essential that these measurements be completed before looking for correlation.
R E S U L T S
The values for 1 -0~ for three sets of data were analyzed for the significance of d and h.
I. The Data of Goldstein and Solomon (3)
Using the rapid flow apparatus of Sidel and Solomon (11), Goldstein and Solomon determined a in human erythrocyte membranes for a series of nine compounds. The time course of red cell volume was measured photometrically at three different solute concentrations. Each curve was extrapolated to zero time to give the zero time rate of volume change, (dV/dt)o, for that solute concentration. Since there was a linear dependence between (dV/dt)o and the solute concentration, the concentration for which there was no initial change of volume could be determined by interpolation. ~ was then calculated from the zero time, zero volume change solute concentrations.
Using the dimensions of Table I, The confidence intervals are for the 95% level. At the same level of confidence, a significant fit was not found for molecular length as shown below.
log (1 --a) = (1.26 -4-2.09) -(2.27 -4-2.46) log h
The F test for log d is 56.8, compared to 4.3 for log h; the proportionate error reduction is considerably larger with the diameter term. IF test for acceptance at 9 5 % is 3.7 (4).] A graphical examination supports the statistical indications. Fig. 1 a is a pl0t of log(1 -a) against log d and Fig. 1 b is the plot against log h, The points on Fig. 1 a fall relatively close to the line confirming the correlation between 1 --a and d, whereas Fig. 1 b shows considerable scatter.
An important point to consider is the relationship between the two dimensional parameters. A statistical overlap is expected due to the tendency for increasing molecular size to be reflected simultaneously as increases in both length and diameter. Table I , ordered for increasing diameter, clearly demonstrates this tendency. Thus in equation 6, the t2 log h term will, to the extent that there is a similar d/h ratio, reflect the significance of the diameter factor in addition to whatever independent significance it holds. This overlap can reflect a situation in which either both parameters hold independent signifi-cance, or one in which only one parameter is of first order importance. The data of Goldstein and Solomon can be used to assess these relationships. Fig. 1 c shows the diameter of these nine compounds as a function of their length. A very close correlation is seen for the points 5, 6, 7, 8, 9, and 10; whereas points 4, 11, and 12 are scattered. In Fig. 1 b, points 5, 6, 7, 8, 9 , and 10 fall closest to the least square line; again points 4, 11, and 12 are scattered. Thus the apparent correlation between 1 -~ and h in Fig. 1 b reflects the length-diameter overlap and not the independent significance of length. This overlap can also be detected with the F test. The residual error factor for equation 5 is compared to that for the three dimensional equation for
-
~ as a function of both d and h. log (1 --a), = 8;' + t~" log d~ + B~' log h~ + E~:
The secondary F test calculated from these residual error factors reflects the independent significance of length beyond its overlap with diameter. An analogous secondary F test for the error reduction of diameter beyond that resulting from length can be obtained by comparing the residual error factor for equation 6 with that for equation 7. Making these calculations, the secondary F test for the introduction of d into a (1 -~), h correlation is 38.7; whereas the corresponding value for introducing h into a (1 -~), d relation is but 1.9. Thus diameter offers error reduction in addition to that from length, while length can offer no significant error reduction beyond that resulting from diameter. Diameter is the parameter of primary significance. Table I . Fig. 1 a shows log (1 -~) as a function of log d; Fig. 1 b shows log (1 -~) as a function of log h; and Fig. 1 c shows the interdependence of parameters, diameter vs. length. The correlation of 1 -~r with the mean radius (a) was also determined. Goldstein and Solomon defined the mean radius as 0.5(xyz) m where x, y, and z are the coordinate dimensions measured on molecular models. The F test for the introduction of the mean radius is 7.2, compared to 56.8 for d 
II. The Data of R. Villegas and Barnola (14)
Villegas and Barnola studied the changes in the diameter of the giant squid nerve axon when it was exposed to a series of test solutes and calculated o by interpolation according to the zero time method. Equation 2 was fitted to their data using the molecular dimensions in Table I to give: log (1 -a) = (3.92 q-1.24) -(6.68 -4-1.84) log d (8) In this case the corresponding equation for length' was also significant (at the 9 5 % level).
log (I -a) = (2.79 4-2.27) -(4.32 4-2.92) log h (9) The F test for the introduction of d is 78.8, while the value for h is 13.1. For the six compounds they tested, the F test for the introduction of d was 18.9 corn- FIGURE 2. a from the data o£ R. Villegas and Barnola (14) . Molecular dimensions from Table I . Fig. 2 a shows log (1 --a) as a function of log d; and Fig. 2 b shows log (1 --a) as a function of log h.
DISCUSSION
A significant correlation is observed in all three sets of data between ~r and the transverse diameter of the solute molecule. This correlation, of course, depends on the validity of the cylindrical treatment of solute molecules. Support for the treatment of small molecules as cylinders would be given by finding a physical process in which correlation depended upon length rather than diameter. The molecular dimensions from Table I were therefore applied to the aqueous diffusion coefficients (D) calculated by Longsworth (6) . The statistical analysis of the data yields a significant fit for diffusion and molecular and diameter on the one hand, and the diffusion coefficient and molecular length on the other. As the length-diffusion coefficient correlation shows, the lack of dependence of 1 -~ on length does not result from error in the assessment of length, but rather from the insignificance of length in the process considered. Therefore 1 -~ does indeed depend on solute diameter. The inverse dependence of 1 -~ on diameter rather than on length suggests that under the conditions of these experiments, a lengthwise solute orientation occurs within the membrane so that restriction results from maximum breadth and not length. In order to obtain information about the membrane element responsible for this lengthwise orientation, two possibilities were examined. Either the solute is oriented by the radial lipoprotein moiety of the membrane, or it is oriented by an aqueous region. Orientation in the nonpolar substance of the membrane would necessitate the partitioning of the solute molecule out of the aqueous phase. If this were the case, 1 --~ should vary with the relative oil-water partition coefficients. Table I. lack of dependence of Goldstein and Solomon's 1 -a values on the oil-water partition coefficients determined by Collander (1) . This result might be ascribed to the fact that the range of the partition coefficients of these compounds was not great enough to demonstrate the dependence. Collander (1) determined permeability coefficients on Nitdla cells for seven of the nine compounds tested by Goldstein and Solomon. Fig. 5 b shows that these permeability coefficients do indeed depend on the partition coefficients, as is to be expected from Collander's original conclusion. Therefore, since 1 -~ does not depend on the partition coefficient, the solute interaction is probably with the aqueous region of the membrane. This aqueous region appears to have a structural characteristic which is responsible for the lengthwise orientation of solutes. Clearly the dimensional aspects of solute-membrane interaction strongly support the structural validity of the aqueous pore.
Some light can be thrown on the mechanism of solute orientation within the pore. The data demonstrating the lengthwise solute orientation were obtained by inducing bulk solvent flow. Consideration of the diffusional per- meability d a t a of L. Villegas (13) illuminates an interesting contrast. ViUegas o b t a i n e d restricted diffusional areas ( A / A x , i.e. the restricted area per unit p a t h length) in sheets of frog gastric mucosa for several hydrophilic nonelectrolytes. T h e s e results were subjected to a n analysis using the dimensional p a r a m e t e r s f r o m T a b l e I; no clear correlation could be found for diameter. These d a t a are for a system different f r o m those demonstrating the lengthwise orientation and cover a slightly different set of solutes, so t h a t the results are not directly comparable. Nonetheless the lengthwise solute orientation demonstrated for osmotic flow does not appear in these studies and seems to be a phenomenon dependent upon the dynamics of bulk flow across a single cellular membrane. Thus the aqueous pore does not exert a direct orienting effect; but rather solute orientation is mediated by bulk solvent flow. The reflection coefficients that have been employed to characterize the cellular membrane were obtained by inducing bulk solvent flow. A dependence of solute-membrane interaction on solute diameter has been demonstrated using these data. As this interaction is shown to be independent of relative solute partition coefficient values, we have concluded that the aqueous pore is responsible for solute orientation. Evidence has also been presented that no such orientation is found in diffusion. Apparently the dynamics associated with bulk solvent flow are effective in causing the lengthwise orientation of solutes in their passage through structurally significant aqueous pores.
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